I. INTRODUCTION
T HE satellite communication system offers tlexlble and homogeneous service to a large number of geographically spread users of various kinds because of its multiaccess capabilities. and hence, various multiple.access protocols for application in satellite communication channels. e.g., random access. demand assignments, fIXed assignments. etc.. have been presented and analyzed in recent years. In general. random access techniques (ALOHA protocols) can be said to glve the best performance with bursty traffics. Demand assigrunents give better performance as the channel load increases. Fixed assignments are the best schemes for heavy loads. give clear and concise explanations oi these protocols and show their relative performance characteristics through representation of the mean response time In each protocol as a function of the channel loads.
Most of the access protocols proposed are for homogeneous users, i.e .. for users having the same traffic characteristics. and none of those but the PODA protocol is efficient for mIXed traific conditIOns. Ho ...... ever. In most actual satellite commJnJ- cation networks. the traffic will have various charactenstics according to different utilization forms_ It would therefore be desirable for a satellite communication network to have an access scheme that could handle varying kinds of traffic [5] - [8] .
With this view. we analyze the following integrated access scheme based upon both slotted ALOHA and packet reservation protocols.
We assume two kinds of terminals (Le .
• computer terminals) in the satellite communication system. namely, bursty termi· nals for handling bursty data traffic. and heavily loaded ter· minals for long-holding-time mesyge traffic or stream traffic (circuit-switched voice traffic). The former. for example, corresponds to the terminals operated by the interactive mode, and the latter to the terminals which transmit tile, facsimile, digitized voice, and so on. In our integrated access scheme. th~ channel frame is divided into two subframes; one is for bUfl'Y terminals, which is used on a contention basis with the slotted ALOHA protocol. and the other is for heavily loaded terminals. The subframe for heavily loaded terminals is further divided into two subchannels. a reservation subchannel and a message subchannel. The reservation subchannel is for reservation packet transmissions on the slotted ALOHA basis to reserve slots in the coming message subchannels. If a reserva· tion is successful once. one slot in the same position of each of the succeeding message subchannels is reserved for the terminal until an end-of-use flag is received by the satellite. The heavily loaded terminal can then use this slot in each of the succeeding message subchannels without contentlon until It transmItS an end-oi-use flag. For this reason. the channel for heaVily loaded terminals will support traific requIring transparency In (he channel. for example. etrcuIHwltched vOice trar'iic. Furthermore. this scheme can aVOid exclUSIve posseSSIon of the channel over a long period of time caused by one user haVing a long message. The satellite IS assumed to have an on-bo ... j processing capability and assIgns slots to each successiul reservatIOn.
Mean transmiSSIon delays for both kinds of traffic In this integrated access scheme are analytically obtained. We show that (here eXIsts an optunal frame length which mtnunlZes the mean transmiSSIon delay for one kind oi traffic. whtle keepmg the mean transmiSSIon delay ior the other ktnd under some permissible value.
II. MODEL
The number of bursty and heavily loaded terminals are assumed to be finite. and are designated as .V Band .V H, respectlvely. At each bursty tennlnal. constant bit length packets (packet having a length equal to a ttxed number of bits) are Our frame cont1guration is shown in Fig. 1 . Channel time is divided into frames, and each frame consists of (large) time slots. the duration of which is equal to one data packet transmission time. It is assumed that all tenninals are operated synchronously and that each tenninal can transmit its packet only at the beginning of the time slot. The assigned time in· terval for the bursty tenninals in each frame. the ALOHA channel. consists of constant K successive (large) time slots.
The residual (large) time slots are for the heavily loaded ter-,ninals. and are partitioned into two subchannels. namely. a reservation subchannel and a message subchannel. each consisting of constant V and S (large) slots. respectively. V large slots in the reservation subchannel are further divided into L small slots. the duration of which is equal to the transmission tl!T1e or a reservation packet. Here. K is assumed to be greater than or equal to a round trip propagation delay R (in large slots).
A bursty tennmal having a packet (or packets) to transmit at the begmning of the ALOHA .;hannel chooses one time slot from this time interval according to a unifonn distribution, and transmits its packet in the selected slot. After a round-trip propagation delay R. the terminal will know whether its transmined packet has been successiully received at its destination or not. [f collision of the packet is detected. the packet will be retransmitted in the succeeding ALOHA channel. again according to a unifonn distribution. The tenninal will not be~m transmission of the next packet until it knows that the pre-VIOUS packet has been successfully received by its destination. Each bursty tennina! is assumed to have infinite buffer capacIty ior storing packets arriving while the tennina! is in a transmission mode. Arriving packets are transmitted -according to the first·,:ome I1m·served discipline.
F or the message transmission procedure at the heavily loaded tenninals. the following contention·based reservation ;cheme is employed. A tenninal divides an arriving message into constant bit length packets. the length of which is equal to that of a data packet arriving at ti' !:Iumy temllnals. and :reates a reservation packet contalOlOg the identitlcation of the terminal. A terminal having a message (or messages) to transmit at the beginning of the frame transmits. first of all. a reservation packet in a randomly selected one of L small slots in the reservation subchannel. The re$trvation is for ac. quiring time slots in the message subchannels for transmission of the message. Upon receiving the noncollided reservation packet. the satellite assigns a slot in the message subchannel for the tenninal. [f there are any nonreserved slots in the message subchannel. the satellite randomly assigns one of them to the originating tennina! of the reservation packet. If all slots in the message subchannel are reserved. the reservation is rejected. The tenninal is informed of the success or failure of the reservation by the control packet generated at the satellite. The length of the control packet is assumed to be equal to that of the reservation packet.
Once the reservation is successful. the slot in the same position in each of the coming message subchannels is reserved for the tennina!. From the assumption that K is greater than or equal to a round-trip propagation delay R. the terminal will know whether the reservation of time slots was successful or not before the beginning of the message subchannel in the frame. In case of collision of the reservation packet at the uplink. or reservation failure at the satellite, the terminal retransmits the reservation packet in a randomly selected mtaU slot in the next reservation subchannel. Here. we should notice that.
in case of K < R. the terminal cannot know the position of the assigned slots before the beginning of the message subchannel. Therefore. some of the assigned slots will be kept empty until the tenninal transmits the first message packet. This leads to inefficiency in the channel. This is the reason why we assume that K ~ R. With regard to buffer capacity at the heavtly loaded tennina!s. we consider two cases. the case of intlnite buffer capacity and the case of one message buffer capacity. [n the intlnite buffer capacity case. messages arriving at a tenninal in a transmission mode are stored in its buffer. and are transmitted according to the first-come first-served discipline. Each tennina! is assumed not to send the reservation packet for a newly arrived message until it has completely transmitted all the messages that have arrived previously, In the case of burTer capacity for only one message. a tenninal will be "locked" for new message arrivals on the condition that a prior message at the terminal has not been transmitted, that IS. the system 10 thiS case corresponds to the blocked .;a11s cleared system.
Our satellite is assumed to have the on-board proceSSing capability to interrogate the up-link reservation packet and to create the down-link control packet. Furthennore. processIng time of this capability is assumed to be mta!l enough to neglect in the following analysis.
[n our scheme, bursty tenninals are not allowed to use the excess capacity for heavily loaded terminals. even it it IS n0t used. and vice versa. That is. our scheme is the so-caJled "!lxc!J boundary" integrated access scheme. Bursty terminals, ho .... · ever . .;annot know the usage status of the next message sub· channel because of a long propagation delay between earth ter· minals and the sateUite. [t should be noticed that, hen.;e. straightforward extension of our scheme to the "movable boundary" scheme is quite difficult.
In the foUowing, the proposed scheme is analyzed .lnJ mean transmission delays are obtained.
Ill. ASSUMPTlONS
The following assumptions are made in our analysis.
Assumprion 1: The terminal state independence assumption where the state of one terminal is independent of the state of the other terminals.
Assumption 2: The stationary assumption where the system has a stationary probability distribution.
In the following analysis. we take one large slot duration as the unit time; hence, transmission delays to be obtained are in number of large slots.
(v. ANAL YS(S FOR BURSTY TER.\f(NALS Mean packet transmission delay D8 for bursty terminals is defined here as the time interval from when a data packet are rives at a terminal until it is successfully received at its destination. which interval includes not only the time required for packet transmission but also waiting time in a terminal buffer. The probability 5 B of successful transmission of a data packet is necessary to obtain this DB, and is conSidered in the next subsection.
A. Probability of 5ucc~ss{u1 Transmission
Here the notation 58 is detined as the probability oi suc· cessful transmission of a data packet given that a bursty terminal has transmitted a data packet.
We first consider the case 5 + V;;> R. In this case. all the terminals that have transmitted their packets in the previous ALOHA channel can know whether the transmission was successful or not before the beginning time of the next ALOHA channel. Therefore, each terminal accesses to 1 slot In the ALOHA channel with probability 10K when it has one or more packets to transmit. From this fact and Assumption 1.5 B is expressed as follows.
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where PB is the utilization factor at each bursty terminal. that
, where £[Xsl is the mean packet servIce tune to be obtained in the next subsection.
~ext we consider the case 5 + V < R. Here. the time inter· val between two successive ALOHA channels IS smaller than the round· trip propagation delay R. Therefore. some terminals
Will not kr.ow whether their data packet transmissions have been successiul or not at the beginning tlme or' the next ALOHA channel. This means that there are some terminals which will not access to the time slots 10 the ALOHA ..:hannel even if they have packets to transmit. This fact makes the anal~ YSIS quite difficult; hence. the following assumption is em· ployed in the analysis. Assumption 3: Every terminal is assumed to access to a slot In the ALOHA channel with probability 11K when it hls one or more packets to transmit at the beginning of the ALOHA channel.
. Under this assumption, it is easy to see that 58 in this case IS expressed by (l) . Furthermore, it should be noticed that, in the case of s + V < R, 5 B obtained by (I) gives the lower bound, and the mean packet transmiSSIOn delay to be obtained in the following gives the upper bound.
[n the next subsection. mean service time of a data packet is expressed as a function of 5 B.
B. Jfean Packet 5ervice Time
With regard to a packet arriving at an idle terminal. the service time of that packet X/is defined to be the time in· terval from its arrival to the end of its transmission t i.e .. time instant when the packet is successfully received by its destlnation). For a packet arriving at a terminal in the transmIssIon mode, its service tune X B T is defined to be the time interval from the end of transmission oi the prior packet in the ter· minal buffer to the end of its own transmission.
We consider the service time X8 1 . The service tune xi consists 01 the following three time Intervals (see Fig. : ).
) Time interval from its arrival to the beginning of the ALOHA channel (a). :) Time interval required for retransmissions (t3).
3) Time Interval required for a successful transmission (-y) . Therefore. we have
Because Q. ~. and "' ( are mdependent, the mean lnd second
The meln . 
The probability p~ that the a.:knov.ledgment oi the p.:ket transmitted in the prevIous ALOHA channel IS received :er'ore the beglOnlng 01 the next ALOHA .:hannel becomes
L'sing this. and no ling that the probability oi a packet ~e·~'Jlr· 109 exactly I retransmissions to be successiully received .5 53 (1 -S s >' . the mean and second moment of t3 become
Packet transmission occurs in a randomly selected slot of K slots in the ALOHA channel. and It takes a round·trip propa· gatlon delay R for the transmitted packet to reach the des· tmatlon. Hence. the mean and second moment of.., become
Therefore. we have (12) Because o. O. and .., are independent, the mean and second moment of XST become
Noting the fact that the random variable 0 becomes
the mean and second moment of 0 are given by
(15) (16) and (11) mto ( 13) and ( 14). we have
On the other hand. the service tune X s T consists oi the following three time mtervals.
1) Time interval from the end of transmission of the last packet in the terminal buffer to the beglnning of its own transmission (0). 2) Time interval required for retransmissions ()3).
3) Time interval required for a successful transmission (.., ).
£fXsTj =EIO) +(2-P A )(V+K+S)
flS)
where EWJ and E(8 2 ) are glven by (8) and (9). respectively.
andE[..,). E['Y2) by(lO)and(II).
Finally. considering the iact that the probability of a terml' nal being in a transmission mode isps. the mean E[XsJ oi the packet service time Xs becomes as follows.
Substituting (3) and (18) 
From (1) and (21), the following equation. with respect to Ps. must hold.
( )
= the right-hand side of (21).
(n)
In solving (22) to obtain the value of the utilization factor p s.
the steady.state condition for this system must be considered. The terminal in a transmission mode accesses to a slot in the ALOHA channel with probability 11K. Hence. the total access rate to a slot by all terminals G is
Total access rate G must be less than one for ~his system to have the steady state. Thus. the following condition must be satisfied.
Hean Packet Transmission Delay
Each bursty terminal can be considered to be the following generalized .HIG/ I queueing system. Packets arrive at a termi· nal according to a Poisson distnbution with parameter AS. Ii a packet arrives when the terminal is in a transmission mode. its .... :
Through this analysis we can obtain the mean packet transmission delay Ds by the following procedure. (3), (4), (18), and (19), respectively. 5) Calculate the value of Ds by (25).
V. ANALYSIS FOR HEAVILY LOADED TERMINALS-INFINITE BUFFER CAPACITY CASE
Heavily loaded terminals with infinite buffer capacity for arriving messages are analyzed and the mean message transmission delay at each heavily loaded terminal is considered. ~ean message transmission delay DH is defined as the time interval from when a message arrives at the terminal until it is completely received by the destination. that is. when the last packet in the message is received by the destination. This interval includes waiting time in the terminal buffer.
The equilibriwn equation for the system is derived in the next subsection to obtain the mean message transmission delay DH •
A. Equilibrium Equation
The steady·state behavior of the system at the time epochs of the frame beginning is analyzed, lnd the equilibrtum equation for the system is derived.
At first we define the following notations. Let
SH:
probability that a reservation packet does not sui· fer collision at the up·link given that it has been transmitted. :l'i: probability that there are I reserved (busy I slots !n the message subchannel at the begtnntng of the irame. P,:
probJblllty oi I Jrrlvais of noncotiljed ,escr;:ltwn packets 10 a frame (l.e .. 10 the reservation 5ub.:hJ!1-nellnterval ).
q Ic.( probability of! busy slots in the message sub.:han· nel at the end or' the message subchannel given that there ..... ere k present at the beglnnlOg or :he message sub.:hannel. that is. prc'Jabtiity that k-I end·oi·use tlags are found 10 the message subchan· nel.
Here we employ the ioliowlOg assumption. Assumption 4: A terminal is assumed to transmit. with prob· ability p, a reservation packet to a smail slor in the reserva· tion subchannel.
Then we have
,2b)
~oting the fact that there are L small slots in the reser.auon subchannel. and USlOg Assumption 4. the probabdlty Pi "i i noncollided reservation arrivals becomes
=0
Furthermore. since message length u assumed to obey a geometric distribution with parameter q. the probabl1ity qle.i becomes
Csing the above probabilities. probability transition matrix (Pi.}) ior the system becomes
where notation A is given by (29) messages leaving the system. M. is given by the following.
Since the mean number of arriving messages to aU terminals per frame is.v H-XH'( V + K + S). we have the iollowing steady.
state condition.
=S-I
o.S-L).
The blocking probability PB at the satellite for noncoUid~d reservations is now easily determined. The mean number ESR Jvold this we drop one oj the equations given In (31) and add a normalizing equation (32). This results in a set of S + I !In· ear equations in 5 + I unknowns: standard ~omputer pa,k. ages -:an be used to solve these equations.
In solVing the equilibrium equation. we have to -:onsider the steady·state condition. The mean number oi su~~essr"ully transmitted messages per frame. that is. the mean number ui
+ (S -j) ( I _ S % I Pic)]
The mean number of noncollided reservation arrivals per irame is !r=oi·P,. and so PB is gIven by 
M~an M~ssag~ Transmission D~l4y
Similar consideration to the bursty tenninals leads us to consider each heavily loaded tenninal as the generalized MIG/I queueing system mentioned in Subsection IV.c.
The service time for a message arriving at the idle terminal X H / is de tined as the time' interval from its arrival to the time instant when the last packet in the message is completely reo ceived by its destination (Le .
• the end of its transmission). X H 1 consists of the following three time intervals (s« Fig. 3 ):
I) time interval from the message arrival to the beginning of the succeeding frame (a). ~) time interval required for establishing reservation (~). and 3) time interval required for message transmission (11).
Since a Poisson arrival stream of new messages is assumed.
random variable a has the same mean and second moment that random variable Q (defined in Section IV·B) has. Noting the fact that the probability P R e(i). which is de tined as the probability of the reservation packet reqUiring exactly Ire· transmissions to establish reservation. is given by
Random variable 1'/ consists of the following two time mtervals (see Fig. 3 ):
I) time interval required for transmitting all packets except the last one in the message (tI» and 2) time interval required for transmitting the last packet in the message (o,Ji) . Means and second moments of the above tenns are given by the following.
..
. the mean and second moment or" '7 .H~ ~!\en by
. (39) [SH ' (l - 
From the above discussion. the mean and second momer.~ 0r" -X H 1 become I) time interval from the end of transmission of the last message to the beginning of the succeeding frame (n.
2) time interval required for establishing reservation, which has been denoted by E. and 3) time interval required for message transmission, which has been denoted by '7.
The mean and second moment of t are given by
Finally, the mean message transmission delay is given by (25). (Of course. the right lower subscript H has to be sub. stituted for the subscript 8.) Through this analysis we can obtain the mean message transmission delay DH by the follOWing procedure. and £ [(A:HT)l) by (46) . (47), (50). and (51). res· pectively. 10) Calculate the value of the mean message transmission delay DH by the formula in the generalized JflG/! queueing theory mentioned in Subsection IV·C.
VI. ANALYSIS FOR HEAVILY LOADED TERMINALS-
BLOCKED CALLS CLEARED CASE
S-R -I £I~l):: ~ [(V+K+S)
.=0
-(V+K+S-I)R+ 6 . 14-9)
Therefore. the mean and second moment at" X H T are given by
Analysis is made of the heavily loaded terminals with buf· fer capaCity for only one message, and the call blocking prob· ability and the mean line setup delay are considered in this section.
We nrst consider the blocking probability for arriving messages Pee. ~ewly arriving messages are assumed to b~ generated according to a Poisson distnbution WIth parameter AH. but only those finding the terminal empty · ... liI be allowed ~ntry IOtO the system. Hence. actual arrival rate to the :er· mlnal is X H , I -Pee l. Furthermore. the message service time In thiS .:ase IS equal :0 XHI. ',&,hl.: h IS defIned In Section IV·B. Thus. we have
Solving the above equJtion WIth respect to P ec . we have
where £[XHI) IS given by (46) .
Sext. we conSider the line setup delay, which is defined JS the time Interval from the message arrival to the time instant when the rlrst packet In the message has begun to be trans· mltted. The line setup delay consIsts of the [ollowlng thr time intervals: I) time interval from the message amval to the beginning of the succeeding [rame, which has been denoted by a in Section IV·B, 2) time interval required for establishing reservation. which has been denoted by Eo and , SUO" 1[ , 1 
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3) t ime interval fro m when the terminal established reser· vation until the tenmnal beain, transmission of the tirst packet in the message (I ).
Mean o f Ihe random variable
There fo re, the mean line setup delay Os is given by
where E(8) is given by (54), and Era) and £{~J have already been ob tamed L n Section IV·B, The terms in ( 53) and ( 55) (31 ). wttich is valid fo r this blocked caU, cleared system , In solvi ng the equilibrium equat ion, the st ead y.st.ue condition must be considered . As ment ioned above, the actual arrival rate to a terminal is )w( 1 -Pa d.
Thereiere, the steady,su .te condi tion becomes
whe re.\1 is given by (33).
Ds and fe e ate obtamed by the following proc edu res, (53) and (55). respectively.
VB . NUM ERICAL RES ULTS
In all of the followin g numerical ex am ples. th e parilfTle ters R, .Va, N H , and q are set to be 12 (large slots). 110 (te rml. nalsl. SO (tennl nah), and 0,1 (hence. the mean message length LS 10 pack eu/me uage). respectively. Furtherm ore , one large slot In the reserva uon 5ubchannells divided into 5 small slots.
; , ' " :).
•
Fia,5 . , "fu n pl ckcl u anSrl' l w io n delay (S to V < R).
16\
Figs. 4 and S show the mean packet transm ission delay D8 as a fu ncuon of A8 fo r fIXed values 01 K. The value of S + V IS 12 (:>R ) In Fig. 4 . and 8 (<R) In Fig. 5 . respec tl vely . Fig. 6 shows the mean message trl nmlSSlOn delay DH as a function 01 AH lor fIXed va lues of S. In Fig. 6 • •
Fla. 9. ~elll m~e tan.S/nlWOn delay llersut fUme ICl\(1h. 
, , '. Fig, 10) is given, the best value of K which mlOlmlzes Ds is 17 and the minimum value of Ds is 66.22. Fig. 12 shows Ds as a function of the frame length ior fIxed values of As. Here, the values of S, V, and K are selected Finally we show comparison of the proposed scheme to the TDMA and the slotted ALOHA schemes. Here, in the slotted ALOHA scheme, messages arriving at a heavily loaded terminal are divided into packets and each packet is transmitted according to the slotted ALOHA scheme aiter the previous packet has been successfully received by its destination. Table  II shows mean transmission delays in each of the above three schemes. The values of As and AH are 0.00 16 (packets slot) and 0.0004 (messages/slot), respectively. \fean transmIssIon delays tn the TDMA scheme are obtained through the ~:tlct analySIS [Ill. Because of the difiiculty in the analysis. mean transmission delays In the slotted ALOHA scheme are obtained through simulations. In the simulation. the random tune delay in the retransmission IS taken optimally so as to mtnimize the mean transmission delay. The values in the proposed scheme show mean transmission delays in the system with K. V. and S being equal to 18, l. Jnd '7. respectively (see Table I ). It can be seen that the proposed scheme has better delay characteristics for certain traific parameters in companson to the TDMA and the slotted ALOHA schemes.
B. Blocked Calls Cleared Case
We show numerical examples for the blocked calls cleared system. The blocking probability Pac for arnvtng messages al"d the mean line setup delay Ds are shown as a functlon or' AH ior various values of V, in Figs. 13 and 14 , respectlvely.
The values of K and S + V are equal to 17 and 18. respec· 
VIII. CONCLUSION
A new integrated access scheme in a satellite communica· tion system where there are both bursty tenninals and heavily loaded terminals has been proposed and analyzed in this paper. We have obtained mean transmiuion delays at both kinds of terminals. and have shown that there exists an optimal frame length which minimizes the mean transmission delay at one kind of terminals whue keeping the mean transmiuion delay at the other kind under some permiuible value.
In the analysis we assumed infmite buffer capacity, but this auumption is not representative of a real application. Hence, the analysis for the system with finite buffer capacity may be necessary to know system capacity requirements. But _ it is qUite difficult. and is beyond the scope of this paper.
